Abstract. One important issue of biosafety research is whether gene flow from transgenic crops to nontransgenic relatives causes unwanted effects. We carried out field trials with hybrids between transgenic sugar beets, and a close cultivated relative, Swiss chard. This hybrid also acts as a model for ''weed beet'' hybrids between sugar beet and wild/ weed beet (Beta vulgaris ssp. maritima). Transgenic beets with beet necrotic yellow vein virus (BNYVV) coat protein (cp), phosphinothricin-acetyl-transferase (bar), and neomycinphospho-transferase (nptII ) genes were hand-crossed to Swiss chard. The resulting F1 plants and controls were grown at two different BNYVV infestation levels and three different competitive conditions with Chenopodium album. Transgenic hybrids had consistently higher biomass than controls under high background BNYVV infestation, and consistently lower biomass than controls under low background infestation. The transgenic hybrids had a significantly lower rate of bolting than controls at all sites. Competition with Ch. album always had a strong negative influence on the performance of all genotypes. We conclude that ecological implications due to the introduction and spread of virus-resistant transgenic hybrids will be observed only in those feral Swiss chard and wild beet populations where fitness is significantly influenced by high infestations of BNYVV.
INTRODUCTION
Biosafety assessment of genetically engineered crops is becoming an increasingly important application of ecological research. In the past decade, thousands of field trials of transgenic plants have been conducted, and several engineered crops have been commercially released into the environment (Astwood 1997) . In the United States alone, dozens of transgenic crop varieties have already been deregulated (see U.S. Department of Agriculture web site). 4 A primary area of concern is that many transgenic crops may mate with wild relatives, resulting in the transfer of transgenes into natural populations, with potential unintended effects (e.g. Colwell et al. 1985 , Ellstrand and Hoffman 1990 , Rissler and Mellon 1996 . This concern has led to considerable research on whether and to what extent crops mate with the wild relatives (e.g., Bartsch and Ellstrand 1999; reviewed in Ellstrand et al. 1999) . Since risk is a product both of probability and hazard, it is clear that biosafety research on environmental risk should not only target the probability of gene flow, but also focus on the consequences (and potential hazard) of successful transgene flow to relManuscript received 26 April 1999; revised 5 January 2000; accepted 5 January 2000.
3 E-mail: bartsch@rwth-aachen.de 4 URL: ͗http://www.aphis.usda.gov/bbep/bp/petday.html͘ atives of transgenic crops. That is, biosafety research should address the phenotype (especially, the fitness phenotype) of the transgenic hybrid vs. that of nontransgenic controls. We know of only a few such studies in the literature, all involving field tests of hybrids between transgenic oilseed rape (Brassica napus) and wild Brassica rapa. (Linder and Schmitt 1995 , Mikkelsen et al. 1996 , Stewart et al. 1997 , Stewart and Neal 1998 . One transgenic crop currently reaching commercialization but still missing the aforementioned kind of essential biosafety data is sugar beet, Beta vulgaris ssp. vulgaris var. altissima Dö ll. The species Beta vulgaris consists of an extraordinarily variable group of subspecies, in which cultivated and wild forms are often difficult to distinguish (Letschert 1993) . Sugar beet is a relatively new crop; its selection was initiated in the late 18th century (Fischer 1989) . Like other cultivated beets, it is a biennial. Wild B. vulgaris (e.g., sea beet, B. v. ssp. maritima Arcang.) is naturally distributed in coastal habitats in Europe; this taxon has considerable life history polymorphism, occurring as an annual, biennial, or iteroparous perennial. The various forms of cultivated B. vulgaris (sugar beet, red beet, and Swiss chard) naturalize as weedy forms in a variety of habitats (e.g., Bartsch and Ellstrand 1999) . Natural hybrids between cultivated beet and wild or weedy forms of B. vulgaris appear regularly in areas where they co-occur.
Therefore there are two ways that transgenes of engineered sugar beet may escape, (1) via gene flow by mating with wild or weedy populations of beet relatives (e.g., sea beet and weedy Swiss chard) and (2) via the escape of the cultivated sugar beet plant itself (Parker and Bartsch 1996 , Bartsch and Schmidt 1997 , Bartsch et al. 2000 .
The cultivated forms of B. vulgaris are ecologically limited due to their low competitiveness and susceptibility to several plant pathogens and phytophagous animals. Any transgenic trait that offers an escape from natural enemies would potentially increase the fitness of beets. The sugar beets in this study were transgenic for resistance to rhizomania disease caused by beet necrotic yellow vein virus (BNYVV) (Asher 1993) . The disease leads to decreased sugar beet yields and a loss of Յ30% of sugar content (Giunchedi et al. 1987) . The fact that a 100% virus resistance trait seems to be absent in wild populations (Giunchedi et al. 1987 , Whitney 1989 suggests that resistance transgenes could be advantageous in natural populations and potentially increase their weediness. We measured the performance of F1 (crop ϫ crop) beet hybrids under conditions in which the BNYVV resistance might have an ecological advantage to tolerant or susceptible genotypes.
We crossed this transgenic sugar beet with its close relative, Swiss chard (Beta vulgaris ssp. vulgaris var. vulgaris Lain et. DC), in order to examine the ecological consequences of transgene expression in a hybrid genome that could become naturalized, and as a model for more noxious sugar beet ϫ weedy beet hybrids. There are several advantages for using chard-beet hybrids as a model for wild/weed beet-sugar beet hybrids: 1) Swiss chard is inherently weedy and apparently naturalizes easily. For example, analyses of morphology and allozyme variation in Californian wild beets gave substantial evidence that many populations evolved from naturalized biennial Swiss chard populations (Bartsch and Ellstrand 1999) .
2) We are not aware of any risk studies yet based on Swiss chard. Given that sugar beet will readily cross with farm, garden, or feral populations of Swiss chard, biosafety research is appropriate and necessary.
3) Swiss chard is nearly as closely related to sugar beet as it is to wild or weedy types of beet, as shown by both isozyme analysis (Bartsch and Ellstrand 1999) and PCR-based marker/DNA sequence analyses (Shen et al. 1998) . Results gathered from crosses between sugar beet and Swiss chard can act therefore as a representative hybrid environment for conclusions drawn on outcrossed hybrids. 4) Although crosses between sugar beet and sea beets are relatively easy to perform (Bartsch and PohlOrf 1996) , Swiss chard has the experimental advantage of having the same homogenous biennial life cycle as sugar beet. The heterogeneous genetic background of annual, biennial, and perennial life cycle traits within any given wild or weed beet population would have made the comparison of equivalent life history stages difficult in the evaluation of our performance experiments. Heterogeneous background also implies variation in results from risk assessment.
There are, nonetheless, obvious differences between chard and other types of beet that could influence the effect of the transgene. Wild or weedy plants are likely to pose greater escape risks than Swiss chard in natural environments.
Sugar beets and Swiss chard are usually harvested in their first year of planting when they are still in the vegetative life stage. Early flowering (''bolting'') induction (vernalization) of biennial and perennial beets can be unintentionally set in the first growing season by moderate frost temperatures. The genetic basis of early bolting among beets still remains unclear (Boudry et al. 1994 , Van Dijk et al. 1997 ). However, a higher tendency of bolting among engineered cultivars would increase the probability of gene escape to wild relatives. Therefore, we scored bolting rates because they are relevant for biosafety studies.
METHODS
The transgenic sugar beet used in our experiments was made available by Kleinwanzlebener Saatzucht AG-PLANTA Corporation, Einbeck, Germany. Our transgenic genotype is a conventional sugar beet engineered with the coat protein gene of BNYVV (as reported in Mannerlö f et al. 1996) . Other transgenes in the genome are a herbicide resistance (bar) gene against phosphinothricin, and an antibiotic resistance (nptII) gene against kanamycin, which were used as selectable markers.
The parent of the transgenic beets was an inbred sugar beet line (97% homozygosity). We used this line as a parent for our F1 control. The transgenic inbred line had 98% homozygosity as a result of selfing. Both the transgenic and nontransgenic sugar beet lines were hand-crossed to an emasculated nontransgenic Swiss chard cultivar (''Glatter Silber'') to obtain F1 hybrids (ϭ ''transgenic hybrid,'' and ''nontransgenic hybrid'') . To verify successful outcrossing, we tested for bar gene expression in the presumed transgenic F1 progeny by applying phosphinothricin to a representative sample. Approximately 1% of the progeny succumbed to the herbicide, apparently the result of Swiss chard self-pollination, probably due to incomplete emasculation. In all experiments, the Swiss chard variety was also used as an additional control. This genotype, like the control inbred sugar beet line, is not virus tolerant.
The field tests were conducted in 1996 at a site in Mainz (Rheinland-Pfalz, Germany) with (1) low background virus infection plots, intermixed with (2) high background virus infection (experimental plants inoculated with the virus) plots. The plants for the highinfestation treatment were inoculated as young seed- lings by growing them in BNYVV-infected soil in a greenhouse prior to transplantation to the field, whereas the other plants were first grown in a greenhouse in soil free of the virus. The initial low background virus level at the Mainz site was confirmed by transporting soil aliquots from the field into the greenhouse, where BNYVV-susceptible sugar beets were grown in the soil, and the virus infection was detected visually. Additionally, ELISA tests confirmed the visual observations of infection level. Our design lacked a virus-free treatment for phytosanitary since we were not allowed to inoculate virus-free agricultural areas.
We compared 18 different treatments (3 genotypes ϫ 3 competitive densities ϫ 2 virus levels). The treatments were randomized into 20 blocks so that each block contained one of each replicate. A design with block ϫ treatment effects used for the error term is common in ecological research. Each 50-cm ϫ 50-cm (0.25-m 2 ) subplot contained four individuals of a single Beta genotype. The two F1 Beta genotypes (transgenic and nontransgenic) and the parental Swiss chard were planted in April in three competition density ratios of Chenopodium album L. var. album to B. vulgaris as 0: 1, 1:1, or 4:1. Chenopodium album is a common weed of sugar beet plantations. The C. album plants (eightleaf stage) were added to the plots when the hybrids and controls had reached the six-leaf stage. The total biomass of a single C. album seedling at that time had a mean mass of 2.8 g (fresh mass) and was similar to a single beet biomass.
To maintain control over the intensity of competition in the different plots, all natural weeds were removed from all of the subplots every two weeks. The experiment was terminated when the competitiveness of C. album began to decline in July, when these annuals naturally die. Due to the large size of the experimental plants, performance was measured on the basis of total biomass production, based on the fresh mass of their roots, stems, and foliage. Extensive data demonstrates that sugar beet biomass correlates with seed set (Barocka 1985) . Raw data were analyzed by three-way AN-OVA (virus infestation ϫ competition level ϫ genotype) with the software program SIGMASTAT (Jandel Scientific Software, San Rafael, California). We compared the bolting rates of the different genotypes with a chi-square-test. Two-tailed significance levels are given for P Ͻ 0.05.
RESULTS
Weed competition always had a strong negative influence on all genotypes (Fig. 1) , but there was no statistically significant interaction between competition and genotype as well as between competition and virus infestation (Table 1) . Additionally, no three-way interaction was observed for genotype ϫ competition ϫ virus infestation.
The virus infestation had a significant influence on biomass production, but only within transgenic and nontransgenic hybrids. The biomass production of Swiss chard was not affected by the virus ( Table 2) . The transgenic hybrids outperformed the nontransgenic hybrids only under high background BNYVV infestation (Fig. 1A-C) . Under the low-infestation treatment, which likely reflects only a minor presence of selecting agent, the nontransgenic genotypes performed significantly better than the transgenic hybrid. We observed visible infection symptoms only within the susceptible control genotypes. The symptoms were A two-day period of frost at night was observed in the first experimental week at the field test site, leading to an increased occurrence of bolters. The transgenic hybrids showed a significantly lower rate of bolting than the controls (Fig. 2) .
DISCUSSION
Although we expected higher performance of hybrids with transgenes for resistance at any level of BNYVV infection, when compared to the control hybrids, transgenic hybrids demonstrated superior performance only at high-background BNYVV infestation. The superior performance amounted to ϳ 20% relative increase in biomass over all weed competition levels. Because there was no interaction between virus infection and competition level, virus resistance seems to have no effect on biomass under different levels of competition. Compared to our former experiments with pure sugar beet hybrids and breeding lines , the superior performance of transgenic chard hybrids lay within the previously reported range of 30% higher fresh mass of transgenic beets at a high BNYVV infection level.
The biomass differences manifest in the F1 transgenic hybrids may change in the F2 and later generations. Although beets and chard are both the same taxonomic species, they are different phenotypically in their late life stages, and may have substantial genetic differences between them. Thus the F1 hybrids may be phenotypically less or more vigorous than the offspring of backcrosses. The F1 plants contain equal genetic material from the two parents, sugar beet and Swiss chard, and thus express the transgene against a highly mixed genetic background. Backcrosses would express the transgene in a more genetically homogeneous background. For this reason, at least some researchers have measured transgenic phenotypes (herbicide tolerance) of backcrosses rather than F1 plants (Mikkelsen et al. 1996) . Possibly limited conclusions based on F1 plants are outweighed by the need to get the basic information for plant taxa with an extreme high probability of gene escape. Furthermore, we urgently need data for traits like (virus) disease resistance that are ecologically more relevant than herbicide tolerance genes, especially in nonagricultural habitats. The relative fitness of F1 progeny is useful to determine whether, at one extreme, transgenes will readily be transferred to future generations in heterotic plants, or at the other extreme, face extinction in F1 hybrids which are completely sterile.
The transgenic hybrids had significantly less biomass than the nontransgenic genotypes in the low-infestation plots. It is hard to explain this pleiotropic effect. Perhaps the difference reflects a ''cost of resistance'' (e.g., Bergelson and Purrington 1996) .
The decreased bolting observed in the transgenic plants is probably a result of pleiotropy or of genotypic variation of the transformed sugar beet line, the latter case, because the transformed individual probably possessed a naturally lower bolting tendency than other members of its line. The observed bolting decrease in transgenic beets would increase the biosafety of this special genotype, because the flowering and hence gene flow by pollen would be decreased under the usual field plantation conditions, where nonbolting individuals would be killed by the process of beet harvesting prior to reproducing. This situation will occur only in agricultural fields, but the frequency of escapes outside agricultural fields is not likely to decrease. A strong winter vernalization of biennials is likely within even a low-bolting genotype. The unexpected phenotype demonstrates that genetic engineering may alter life histories in unintended ways (Linder and Schmitt 1995, Bergelson et al. 1998) . For what ever reason, the bolting depression would probably reduce, but not eliminate, the risk of gene flow to wild relatives of cultivated plants.
In our case of virus-resistant transgenics it is likely that we would have seen higher biomass as observed in the F1 plants maintained in F2 or B1 plants under conditions of virus infection. We expected that the observed higher bolting resistance of transgenic plants would also be present in later generations. We know from recent studies, that wild types of B. vulgaris as well as cultivated forms possess a low competitiveness, and that backcrosses are unlikely to have a competitiveness to C. album that differs from our F1 plants. For our purposes, it was important to compare the transgenic hybrids to the isogenic control hybrids in order to measure the ecological impact of transgenes in a standardized and uniform genetic background. Results collected from genetically heterogeneous B1 or F2 crosses would not have affected our conclusions regarding the F1 plants.
Biomass is not a direct measure of reproductive output or fitness, which of course, is what will govern the spread of the transgene in a wild population. But biomass is highly correlated to seed set as shown by sugar beet breeders over the last two centuries (Barocka 1985) . We chose an experimental design that minimized risks of gene escape, which made it necessary to prevent pollen escape from flowering plants. There is a ''Catch-22'' involved in risk assessment of transgenic plants; the truly risky products are the ones for which we most need ecological information, yet they are also the products for which it is most difficult to get permission to do the kinds of studies necessary to assess risk (Parker and Kareiva 1996) .
Our study has shown that the superior performance of transgenic F1 hybrids occurs only in habitats with a high level of virus. In spite of the natural lack of resistance, sea beet populations have no contact with the virus in their natural coastal environment. The reason for the virus' absence seems to be the unfavorable soil chemistry for BNYVV and/or its fungal vector in coastal habitats (Bartsch and Brand 1998) . We do not know the ecological role of BNYVV in California's inland wild/weed beet habitats. The introduction, naturalization, and spread of beets started at the end of the 18th century (Carsner 1928 , McFarlane 1975 , Bartsch and Ellstrand 1999 . It is most likely that naturalized inland beet populations were affected by the virus no earlier than the 1950s, when the disease was first discovered in Italy, and then spread worldwide to nearly all important sugar beet cultivation areas . According to our results, after introgression of virus resistance genes, those wild populations with performance that was potentially reduced due to BNYVV infection would re-evolve to a fitness level typical for the pre-infection era.
Recent investigations (Santoni and Berville 1992 , Boudry et al. 1993 , Bartsch and Ellstrand 1999 have shown that genetic markers specific to cultivated beets are present in weedy beet populations. This is substantial evidence for the introgression of genes from cultivated beets into wild beet populations. In the future, genetically engineered beets will be grown on a large scale in seed production areas. Introgression of recombinant DNA into nearby wild, feral, or weedy beets will probably occur given sufficient time.
